



Prospects for metazoan life in sub-glacial Antarctic lakes: the most extreme life on Earth?
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About 400 subglacial lakes are known from Antarctica. The question of whether life unique of subglacial lakes exists has been paramount since their discovery. Despite frequent evidence of microbial life mostly from accretion ice, subglacial lakes are characterised by physiologically hostile conditions to metazoan life, as we know it. Pure water (salinity ≤0.4-1.2 ‰), extreme cold (-3 °C), high hydrostatic pressure, areas of limited or no oxygen availability, and permanent darkness altogether require physiological adaptations to these harsh conditions. The record of gene sequences including some of hydrothermal origin does foster the idea of metazoan life in Lake Vostok. Here, we synthesize the physico-chemical environment surrounding sub-glacial lakes and potential sites of hydrothermal activity and advocate that the physico-chemical stability found at these sites may be the most likely sites for metazoan life to exist. The unique conditions presented by Lake Vostok may also offer an outlook on life to be expected in extra-terrestrial subglacial environments, such as on Jupiter's moon Europa or Saturn's moon Enceladus.

1. Introduction
Ever since the discovery of subglacial Antarctic lakes, the possibility of life unique to this environment has fascinated science. Recent taxonomic classifications for gene sequences obtained from accretion ice of Lake Vostok in East Antarctica [Shtarkman 2013] and from lake water and sediments in subglacial lake Whillans in West Antarctica [Christner 2014] again stimulate the discussion on the existence of subglacial lake life, and its origins. Such pure water, high pressure, low temperature, and locally oxygen-limited environments [Siegert 2001] may be challenging for life. However, improved knowledge of the physico-chemical environment prevailing in subglacial lakes has questioned how isolated – and unique – these environments really are. More attention must be paid to the physical and physiological instability of these systems over geological timescales when assessing conditions for the evolution – and endurance – of subglacial life. We hypothesise that the most stable conditions in subglacial lakes, allowing the development of unique metazoan life, may be around hydrothermal vent activity (Fig. 1).

2. Hyperbaric conditions to life
Lake Vostok is the largest of nearly 400 subglacial Antarctic lakes and is covered by nearly 4 km thick ice [Siegert 2001, Wright 2012]. The ice thickness varies between 3,759m over the south and 4,150m over the north of the lake. The depth of the lake also varies, reaching at least 1,000m on its southern side, although the lake floor may be covered with thick glacial sediment deposits typical of subglacial environments [Siegert 2001, Souchez 2000, Bentley 2011]. The maximum pressure caused by the ice cap is ~337 bar at the southern side of the lake; pressure at the lake floor exceeds 400 bar (equivalent to 4000 m water depth). This makes Lake Vostok a unique high-pressure freshwater environment on Earth, ‘deeper’ than Lake Baikal (~1600 m); adaptation is certainly required to tolerate such pressures [Brown 2014]. The water of Lake Vostok is also pure (salinity ≤0.4−1.2 ‰), and water temperature is as low as -3 °C [Siegert 2001] (high pressure depresses the freezing point of water) (Fig. 1). The lowest temperature regime marine metazoan life is known to have adapted to is that of the high Antarctic, where temperatures are generally as low as -1.85 °C, the freezing point of surface seawater, but can drop down to -2.4 °C under the Filchner Ice Shelf in the southern Weddell Sea [Nicholls 2009]. Temperatures this low require special adaptations in metazoans, such as blood antifreeze found in ice-fish [Wohrmann 1996]. Oxygen is likely a limiting factor in subglacial Antarctic lake settings, too, whether through chemical oxidation or microbial respiration; oxygen replenishment may depend upon release of gas hydrates from sediments or the melting underside of the overlying ice [Siegert 2001, Siegert 2012]. Availability of dissolved oxygen probably varies throughout subglacial lakes, with oxygen decreasing with distance  from areas of gas hydrate supply, i.e. from melting zones [Siegert 2001, Siegert 2012]. Therefore, and unlike many other cold-water environments, Lake Vostok likely has some areas with hypoxic conditions, which should, in particular, be critical to the evolution of metazoans (Fig. 1). The suite of challenges arrayed in subglacial lakes is unique on Earth.
The age of the relatively stable centre of the East Antarctic Ice Sheet (up to 34 Ma) has often been suggested to favour the evolution of subglacial life. Evolution in situ is known to have resulted in the vast array of specialised life forms in the hydrographically isolated Southern Ocean (Fig. 2), and this analogy promotes ideas of fauna becoming isolated in subglacial lakes during ice sheet development, and/or the evolution of something completely new. However, overpressure accumulating in some subglacial lakes is released periodically, and large-scale outbursts may represent part of the lake cycle, resulting in substantial changes to pressure conditions found in some lakes on timescales of months to years [e.g. Bell 2008, McMillan 2013]. Tolerance to such physical change is crucial to organisms’ survival [Brown 2013] and most likely to occur in microorganisms. Such considerable changes in pressure however, may not be problematic for life already adapted to deep-sea (high hydrostatic pressure) conditions; many deep-sea organisms are known to show a wide range of hydrostatic pressure tolerance, and sudden changes in pressure do affect microorganisms even less so, as long as these changes stay within their physiological tolerance [Brown 2013]. Similar adaptations can be assumed for deep-water life from deep freshwater lakes such as lake Baikal and Lake Tanganyika.

3. Hydrothermal activity
There is no doubt that Archaea and Bacteria should find suitable conditions in subglacial lakes [Karl 2009, Christner 2014, Boetius 2015]. However, the dissolved organic carbon input derived from overlying ice alone is calculated to be insufficient to support the reproductive growth of the microbial community inferred from cell concentrations in accretion ice above the lake [Christner 2006]. This strongly suggests that an alternative source of carbon is required to fuel life in subglacial lakes. For example, there is a large pool of dissolved organic carbon available, which probably results from the chemolithoautotrophic activity of ammonium oxidizing archaea and sulfide or iron oxidizing bacteria [Christner 2014, Achberger 2016]. The gene sequences reported from accretion ice above Lake Vostok are a striking indicator of active chemosynthetic processes and furthermore may indicate associated metazoans [Shtarkman]. Hydrothermal vent activity may afford sustained physico-chemical conditions within the lake environment that allow for chemosynthetic primary production capable of sustaining a complex food web [Rogers 2012, Bulat 2004].
Hydrothermal activity is known from both Lake Baikal and Lake Tanganyika [Crane 1991, Tiercelin 1993]. Volcanism associated with continental rifting is widespread in West Antarctica [Van Wyk 2017], where subglacial lakes such as Lake Whillans and Lake Ellsworth exist [Bentley 2011]. Lake Vostok lies within a very deep rift valley [Ferraccioli 2011], which may increase the possibility of the existence of hydrothermal vents in the lake. Although the existence of any high-enthalpy mantle-derived hydrothermal input in Lake Vostok has been dismissed [Phillipe 2001], additional data support the existence of seismotectonically-derived geothermal input [Petit 2005]. The presence of major ions in the shallower but not the deeper parts of the lake may also hint at hydrothermal activity [Christner 2006]; these shallow areas also showed high concentrations of biological material [Shtarkman et al. 2013]. Shtarkman et al. [2013] relate the presence of thermophilic bacteria to hydrothermal activity, however, and alternatively, geothermal activity may be sufficient to allow for chemosynthetic productivity to support the apparent diversity of life.
Hydrothermal activity provides a warm-water environment to life and temperatures of vent fluids can reach <400 °C. Deep-sea hydrothermal vents host some of the most thermophilic microorganisms known and some Archaea grow at temperatures of up to 122 °C. It should be highlighted, however, that vent metazoans thrive at much lower temperatures, in rare cases of up to 55 °C [Ravaux 2013]. Most sessile fauna shows preference for even lower temperatures of 5 to 11 °C, while motile fauna is often found at higher temperatures (30-38 °C), depending on the species and vent site [e.g. Ravaux 2013, Takai 2008, Thatje 2015].

4. Life, as we know it 
The unique challenges to life on Earth presented by Lake Vostok may also offer the best perspective on life to be expected in extra-terrestrial subglacial environments, such as on Jupiter’s moon Europa [Carr 1998]. Europa has a hot inner core and is suspected to have local tectonic activity. In such an environment some kind of chemosynthesis is the most likely source of energy for the evolution and sustenance of life, at least as we know it. Hydrothermal features in subglacial Lake Vostok may be the best place to look for deep branching lineages of metazoans that have evolved in a way that is analogous to life on Europa. Therefore, and despite all recent controversy, the increased evidence for chemosynthetic life in Lake Vostok should not be ignored; Lake Vostok may provide unique opportunities to the study of the origins of (metazoan) life.

5. Conclusions 
The physico-chemical environment of subglacial lakes is from a physiological point of view strikingly different from any conditions found elsewhere in limnic and marine environments on Earth. Indeed, the most comparable conditions for life may be found at subglacial hydrothermal vents, which under subglacial conditions, however, do present a very limited size habitat for metazoans to thrive. Whereas microorganisms and Archaea appear to be widespread in sub-glacial lakes, the search for metazoan life should focus on areas surrounding hydrothermal activity. Away from such zones, physiological adaptations of life must be entirely different from what we currently know of life in polar deep seas, and such life form adaptations, though they may not be impossible, are currently difficult to imagine.

Author’s contributions. S.T. conceived the idea and all authors wrote the paper

Competing interests. The authors declare they have no competing interests.

Funding. This study was supported by the University of Southampton and the British Antarctic Survey.

Data Accessibility. This work has no data

References cited
[1] Bulat SA, Alekhina IA, Lipenkov VY,  Lukin VV, Marie D, J.R. Petit JR. Microbial life in extreme subglacial Antarctic Lake environments: Lake Vostok. 
[1] Achberger AM, Christner BC, Michaud AB, Priscu JC, Skidmore ML, Vick Majors TJ, and the WISSARD Science Team. 2016 Microbial Community Structure of Subglacial Lake Whillans, West Antarctica. Front Microbiol 7:1457
[1] Ferraccioli F, Finn CA, Jordan TA, Bell RE, Anderson LM, Damaske D. 2011 East Antarctic rifting triggers uplift of the Gamburtsev Mountains. Nature 479, 388-392.
[1] Shtarkman YMI, Kocer ZA, Edgar R, Veerapanemi RS, D’Elia T, Morris PF, Rogers SO. 2013 Subglacial Lake Vostok (Antarctica) accretion ice contains a diverse set of sequences from aquatic, marine and sediment-inhabiting Bacteria and Eukarya. PLoS ONE 8(7), e67221M.J. 
[2] Christner BC, Priscu JC, Achberger AM, Barbante C, Carter SP, Christianson K, Michaud AB, Mikucki JA, Mitchell AC, Skidmore ML, Vick-Majors TJ & the WISSARD Science Team. 2014 A microbial ecosystem beneath the West Antarctic ice sheet. Nature 512, doi:10.1038/nature13667
[3] Siegert MJ, Ellis-Evans CJ, Tranter M, Petit JR, Slamantin A, Priscu JC. 2001 Physical, chemical and biological processes in Lake Vostok and other Antarctic subglacial lakes. Nature 414, 603-609
[4] Wright A, Siegert M. 2012 A fourth inventory of Antarctic subglacial lakes. Ant Sci 24(6), 659-664
[5] Souchez R, Petit JR, Tison JL, Jouzel J, Verbeke, V. 2000 Ice formation in subglacial Lake Vostok, Central Antarctica. Earth Plant Sci Lett 181, 529-538
[6] Bentley MJ, Christoffersen P, Hodgson DA, Smith AM,  Tulaczyk S, Le Brocq AM. 2011 Subglacial lake sediments and sedimentary processes: potential archives of ice sheet evolution, past environmental change, and presence of life. Geophys Monogr Ser 192, 83-110
[7] Brown A, Thatje S. 2013 Explaining bathymetric diversity patterns in marine benthic invertebrates and demersal fishes: physiological contributions to adaptation of life at depth. Biol Rev 89: 406-426
[8] Nicholls KW, Østerhus S, Makinson K, Gammelsrød T, Fahrbach E 2009 Ice-ocean processes over the continental shelf of the southern Weddell Sea, Antarctica: a review. Rev Geophys 47, RG3003, doi:10.1029/2007RG000250.
[9] Wohrmann APA. 1996 Antifreeze glycopeptides and peptides in Antarctic fish species from the Weddell Sea and the Lazarev Sea. Mar Ecol Prog Ser 130, 47-59
[10] Siegert MJ, Clarke RJ, Mowlem M, Ross N, Hill CS, Tait A, Hodgson D, Parnell J, Tranter M, Pearce D, Bentley MJ, Cockell C, Tsaloglou MN, Smith A, Woodward J, Brito MP, Waugh E. 2012 Clean access, measurement,and sampling of Ellsworth subglacial lake: a method for exploring deep Antarctic subglacial lake environments. Rev Geophys 50, RG1003, doi:10.1029/2011RG000361
[11] Bell R. 2008 The role of subglacial water in ice-sheet mass balance. Nature Geosci 1, 297-304
[12] McMillan M, Corr H, Shepherd A, Ridout A, Laxon S, Cullen R. 2013 Three-dimensional mapping by CryoSat-2 of subglacial lake volume change. J Geophys Res, doi:10.1002/grl.50689
[13] Karl DM, Bird DF, Bjoerkman K, Haulihan T, Shackelford R, Tupas L. 2009 Microorganisms in the accretion ice of Lake Vostok. Science 286, 2144-2147.
[14] Boetius A, Anesio AM, Deming JW, Mikucki JA, Rapp JZ.  2015 Microbial ecology of the cryosphere: sea ice and glacial habitats. Nature Rev Microbiol 13, 677-690
[15] Christner BC, Royston-Bishop G, Foreman CM, Arnold BR, Tranter M, Welch KA, Lyons WB, Tsapin AI, Studinger M, Priscu JC. 2006 Limnological conditions in Subglacial Lake Vostok, Antarctica. Limnol Oceanogr 51, 2485-2501
 [16] Rogers AD, Tyler PA, Connelly DP, Copley JT, James R, Larter RD, Linse K, Mills RA, Naveira-Garabato A, Pancost RD, Pearce DA, Polunin N, German CR, Shank T, Alker B, Aquilina A, Bennett SA, Clarke A, Dinley J, Graham AGC, Green D, Hawkes J, Hepburn L, Hilario A, Huvenne VAI, Marsh L, Ramirez-Llodra E, Reid W, Roterman CN, Sweeting C, Thatje S, Zwirglmaier K. 2012 The discovery of new deep-sea hydrothermal vent communities in the Southern Ocean and implications for biogeography. PLoS Biol 10(1), e1001234 
 [17] Crane K, Hecker B, Golubev V. 1991 Hydrothermal vents in Lake Baikal. Nature 350, 281A. 
[18] Tiercelin JC, Pflumio C, Castrec M, Boulégue J, Gente P, Rolet J, Coussement C, Stetter KO, Huber R, Buku S, Mifundu W. 1993 Hydrothermal vents in Lake Tanganyika, East African, Rift system. Geology 21, 499-502
[19] Van Wyk de Vries, Bingham RG, Hein AS. 2017 A new volcanic province: an inventory of subglacial volcanoes in West Antarctica. Geol Soc London, Spec Pub 461, doi.org/10.1144/SP461.7
 [20] Phillipe JB, Petit JR, Lipenkov VY, Raynaud D, Barkov NI. 2001 Constraints on hydrothermal processes and water exchange in Lake Vostok from helium isotopes. Nature 411, 460-413
[21] Petit JR, Alekhina I, Bulat S. 2005 Lake Vostok, Antarctica: Exploring a Subglacial Lake and Searching for Life in an Extreme Environment. Lectures Astrobiol Vol I, Springer, pp. 227-288
[22] Ravaux J, Hamel G, Zbinden M, Tasiemski AA, Boutet I, Leger N, Tanguy A, Jollivet D, Shillito B. 2013 Thermal limit for metazoan life in question: in vivo heat tolerance of the Pompeii Worm. PLoS ONE 8, e64074
[23] Takai K, Nakamura K, Toki T, Tsunogai U, Miyazaki M. 2008 Cell proliferation at 122 degrees C and isotopically heavy CH4 production by a hyperthermophilic methanogen under high-pressure cultivation. Proc Natl Acad Sci USA 105, 10949-10954
[24] Thatje S, Marsh L, Roterman CN, Mavrogordato MN, Linse K. 2015 Adaptations to hydrothermal vent life in Kiwa tyleri, a new species of yeti crab from the East Scotia Ridge, Antarctica. PLoS ONE 10(6), doi:10.1371/journal.pone.0127621








Figure 1. Schematic of the physico-chemical conditions potentially found in a stable subglacial lake. Modified after [6].


Figure 2. A chemosynthetically driven hydrothermal vent system supporting a diverse array of life, including bacteria, stalked barnacles, and anemones, East Scotia Ridge, Southern Ocean [Rogers 2012].
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